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Vitamin A-deficient (VAD) quail embryos have severe abnormalities, including a high incidence of reversed cardiac situs.
Using this model we examined in vivo the physiological function of vitamin A in the left/right (L/R) cardiac asymmetry
pathway. Molecular analysis reveals the expression of early asymmetry genes activin receptor IIa, sonic hedgehog, Caronte,
Lefty-1, and Fgf8 to be unaffected by the lack of retinoids, while expression of the downstream genes nodal-related,
snail-related (cSnR), and Pitx2 is altered. In VAD embryos nodal expression in left lateral plate mesoderm (LPM) is severely
downregulated and the expression domain altered during neurulation. Similarly, the expression of cSnR in the right LPM
and of Pitx2 in the left side posterior heart-forming region (HFR) is downregulated in the VAD embryos. The lack of
retinoids does not cause randomization or ectopic expression of nodal, cSnR, or Pitx2. At the six- to eight-somite stage nodal
is expressed transiently in the left posterior HFR of normal quail embryos; this expression is missing in VAD embryos and
may be linked to the loss of Pitx2 expression in this region of VAD quail embryos. Administration of retinoids to VAD
embryos prior to the six-somite stage rescues the expression of nodal, cSnR, and Pitx2 as well as the randomized VAD
cardiac phenotype. There is an absolute requirement for retinoids at the four- to five-somite developmental window for
cardiogenesis and cardiac L/R specification to proceed normally. We conclude that retinoids do not regulate the
left/right-specific sidedness assignments for expression of genes on the vertebrate cardiac asymmetry pathway, but are
required during neurulation for the maintenance of adequate levels of their expression and for the development of the
posterior heart tube and a loopable heart. Cardiac asymmetry may be but one of several critical events regulated by retinoid
signaling in the retinoid-sensitive developmental window. © 2000 Academic Press
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Significant progress has been made in the past few years
regarding the positional and molecular cues that lead to the
acquisition of morphological characteristics defining the
position of heart in various species (Levin, 1997; Yost, 1999;
Majumder and Overbeek, 1999; Brown and Anderson, 1999;
Beddington and Robertson, 1999; King and Brown, 1999). It
is now clear that the asymmetry pathway is set up early in
I.K., S.Y., E.K., and W.J. contributed equally to the above work.
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All rights of reproduction in any form reserved.mbryogenesis and is tightly regulated through a balance
etween transient stimulatory and inhibitory stage-specific
ignals. The seminal work of Levin et al. (1995), describing
he early pathway for the regulation of avian left/right
ardiac asymmetry, initiated an accelerated wave of activ-
ty in the field. This initially proposed molecular pathway
nvolves activin receptor (cAct-RIIa), the transcription fac-
or HNF 3b, sonic hedgehog (Shh), and cNR-1, the chick
homolog of the mouse gene nodal, expressed asymmetri-
cally along the left side of the axis during and after gastru-
lation of the chick embryo. Issac et al. (1997) identified
cSnR, a snail-related zinc finger transcription factor, which
is expressed asymmetrically in the right lateral mesoderm
at the time just prior to heart formation; it has been
suggested to act downstream of or parallel to nodal (Isaac et
323
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324 Zile et al.al.,1997; Pagan-Westphal and Tabin,1998; Patel et al.,
999). Another transcription factor, the bicoid-related ho-
eobox gene Pitx2, has been shown to be expressed in the
left lateral plate mesoderm during early heart development
and has been linked to the regulation of the left/right (L/R)
asymmetry pathway for heart and viscera (St. Amand et al.,
1998; Logan et al., 1998; Yoshioka et al., 1998; Ryan et
al.,1998; Piedra et al., 1998; Campione et al., 1999; Gage et
al., 1999; Kitamura et al., 1999; Lin et al., 1999; Blum et al.,
999; Lu et al., 1999; Essner et al., 2000; Schweickert et al.,
000); this gene appears to be regulated by nodal (St. Amand
t al.,1998; Logan et al., 1998; Yoshioka et al., 1998; Ryan et
l., 1998; Patel et al., 1999; Campione et al., 1999). Among
ore recent additions to the rapidly expanding arsenal of
symmetry-regulating genes is the fibroblast growth factor
gf8, which has been suggested to be a determinant for
ight-side asymmetry, functioning to repress nodal and
itx2 on the right (Boettger et al., 1999), but also having
ther functions (Meyers and Martin, 1999). A novel
erberus-related gene, Caronte (Car), regulated by Shh and
gf8 is another participant in the early L/R asymmetry
ignaling network, proposed to act as a long-range signal in
he transfer of asymmetry information from the node to the
ateral plate mesoderm via the BMP signaling system
Rodriguez-Esteban et al.,1999; Yokouchi et al., 1999; Zhu
t al., 1999). The homeobox gene Nkx3.2 was recently
hown to be a nodal-regulated asymmetry signal in the
hick left anterior lateral plate mesoderm, acting in the last
art of the cardiac asymmetry pathway (Schneider et al.,
999; Rodriguez-Esteban et al., 1999); the ectopic applica-
ion of retinoic acid to the right causes this gene to be
xpressed ectopically (Schneider et al., 1999). Conserved
oles in establishing normal L/R cardiac orientation in
ertebrates have been suggested for the genes nodal (Har-
ey, 1998; Yost, 1999; Majumder and Overbeek, 1999;
eddington and Robertson, 1999) and snail-related (Sefton
t al.,1998) since their normal asymmetric expression pat-
erns are similar in all vertebrate species studied. Tsukui et
l. (1999) have proposed conserved roles for Shh and reti-
oic acid in the specification of L/R asymmetry in verte-
rates, converging on a pathway to regulate Lefty-1, also
dentified as being on the chick asymmetry pathway. Gene
utations as well as physical and chemical influences,
ncluding embryo culturing, can also cause a reversal of
eart asymmetry along the L/R axis, i.e., situs inversus
Cooke, 1995; Nonaka et al.,1998; Majumder and Overbeek,
999). New insights regarding the regulation of L/R asym-
etry have been recently obtained by the examination of
he iv mutant mice, which exhibit a randomization of L/R
determination, and the inv mutants, which have a complete
inversion of the L/R body axis (Okada et al., 1999; Supp et
l., 1999). These researchers suggest that a leftward nodal
ow, generated by nodal cilia, produces a gradient of a
/R-triggering morphogen (see also review by Vogan and
abin, 1999). Nonaka et al. (1998) and Supp et al. (1999,
2000) have proposed that the molecular motors dynein and
kinesin are responsible for the movement of the nodal cilia (
Copyright © 2000 by Academic Press. All rightand, subsequently, for establishing the L/R axis in early
vertebrate development. Mouse lefty, an asymmetry gene
involved in visceral organ L/R specification, has been
shown to be downstream of iv and inv (Meno et al., 1998;
ajumder and Overbeek, 1999). A variety of perturbations
f nodal expression patterns have been reported in mice
with mutations that result in abnormalities in cardiac situs
(Oulad-Abdelghani et al., 1998; Majumder and Overbeek,
1999). The complexities of the vertebrate left/right asym-
metry signaling pathway have been elegantly summarized
by King and Brown (1999) and Tamura et al. (1999).
The requirement of vitamin A for proper cardiac asym-
etry development was first observed in the Aves (Heine et
l., 1985; Dersch and Zile, 1993). Further studies revealed a
igh incidence of reversal of normal cardiac sidedness in
itamin A-deficient (VAD) quail embryos and demonstrated
hat administration of vitamin A-active compounds “res-
ues” the embryos (Dersch and Zile, 1993; Twal et al.,
995; Kostetskii et al., 1998; Zile, 1998, 1999). Vitamin A
eficiency not only causes cardiac laterality defects, but
lso severely disrupts heart morphogenesis, vasculogenesis,
evelopment of the CNS, and overall embryonic develop-
ent and is embryo lethal (Thompson, 1969; Heine et al.,
985; Dersch and Zile, 1993; Zile, 1999; Kostetskii et al.,
998, 1999; Maden et al., 1998a; Maden, 1999). Importantly,
f retinoids are provided to the VAD embryo at or prior to
he five-somite stage of development, all symptoms of the
AD phenotype can be rescued (Zile, 1998, 1999; Kostetskii
t al., 1998, 1999; Gale et al., 1999). We have proposed that
he developmental time window at the four- to five-somite
tage is the key retinoid-requiring time point in early avian
mbryogenesis (Kostetskii et al., 1998).
Numerous abnormalities, including cardiovascular, have
een observed in offspring and embryos of animals sub-
ected to severe limitations in retinoid intake during preg-
ancy (reviewed in Zile, 1998, 1999; Smith et al., 1998).
owever, there have been no reports of abnormal heart
symmetry. Similarly, in mice with targeted disruptions in
he retinoid receptor genes (Kastner et al., 1997; Tran and
ucov, 1998) and in a gene for retinaldehyde dehydrogenase,
n enzyme involved in retinoic acid biosynthesis in the
mbryo (Niederreither et al., 1999), cardiac laterality abnor-
alities have not been reported. Cardiac abnormalities also
esult when embryos are treated with excess retinoids.
uplicated hearts, cardia bifida, abnormal looping, and
itus inversus can be produced by implanting excess reti-
oic acid-containing microbeads in specific precardiac re-
ions of chick embryos (reviewed in Smith et al., 1998; Zile,
999; Kubalak and Sucov, 1999). Recently, in a mouse
mbryo culture the treatment with excess retinoic acid as
ell as with a retinoic acid receptor panantagonist caused
andomization of heart situs as well as altering the expres-
ion levels of several asymmetry genes (Chazaud et al.,
999). Mouse embryos from mothers treated with terato-
enic amounts of retinoic acid exhibit ectopic expression of
eft/right asymmetry genes and have abnormal cardiac situs
Wasiak and Lohnes, 1999). These experiments and our
s of reproduction in any form reserved.
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325Retinoid Requirement for Heart Asymmetrywork with the physiologically relevant in vivo VAD avian
mbryo (Zile, 1998, 1999) suggest an important role for
etinoids in the regulation of vertebrate cardiac asymmetry.
The function of vitamin A during embryonic develop-
ent depends on the availability of retinoic acid, the active
orm of vitamin A. It is ultimately developmentally regu-
ated at the level of retinoic acid-generating systems, such
s the retinaldehyde dehydrogenase, Raldh2, initially de-
cribed by Drager et al. (1998), also found to be localized in
he posterior heart-forming region of the developing mam-
alian heart (Moss et al., 1998) and recently examined in a
nockout model (Niederreither et al., 1999). The expression
of Raldh2 in the chicken embryo is widespread during
gastrulation and is bilateral in the lateral plate mesoderm
(Swindell et al., 1999; Tsukui et al., 1999). The immunolo-
calization of this enzyme indicates dynamic and discrete
patterns of retinoic acid synthesis in the avian embryo,
including symmetric distribution in the lateral plate meso-
derm and the heart-forming region (Berggren et al., 1999).
owever, other pathways may also exist for retinoic acid
eneration (Duester, 1998; Haselbeck and Duester, 1998;
ng and Duester, 1999; Haselbeck et al., 1999). In vivo
etinoic acid generation is likely spatiotemporally regulated
ia several enzyme systems. Additionally, regulatory
echanisms for retinoic acid action may exist at the level
f its degradation (Ray et al., 1997). Complementary but
onoverlapping expression domains of Raldh2 and the reti-
oic acid-degrading enzyme, Cyp26, have been recently
bserved in the early chick embryo (Swindell et al., 1999;
windell and Eichele, 1999) and support the view for a
ightly regulated retinoic acid homeostasis in the embryo.
learly, the evidence for the various retinoic acid-
enerating and -degrading systems as well as the demon-
tration of various bioactive retinoids in the early avian
mbryo (Twal et al., 1995; Dong and Zile, 1997; Maden et
l., 1998b) and the presence of retinoid receptors in the
arly embryo (Kostetskii et al., 1996, 1998) strongly sup-
orts an essential role for retinoic acid in early develop-
ent.
The present work for the first time addresses the issue of
etinoid involvement in the normal in vivo regulation of
/R cardiac specification during development. Using a
itamin A-deficient quail embryo model, here we examine
he L/R asymmetry-specific role of retinoids by a molecular
nalysis of key asymmetry genes and demonstrate an abso-
ute requirement for retinoids during the neurulation stage
or proper completion of the cardiac asymmetry pathway.
METHODS
Quail Embryo Model
The generation of the VAD quail model and the criteria for
normal and VAD quail embryonic development in ovo have been
described in several publications (Dersch and Zile, 1993; Twal et
al., 1995). Briefly, vitamin A-adequate normal embryos were ob-
tained from eggs of Japanese quail (Coturnix coturnix japonica)
Copyright © 2000 by Academic Press. All rightraised on the Michigan State University Poultry Research Farm and
fed Purina Game Bird Chow; VAD quail embryos were obtained
from eggs of quail fed a diet without vitamin A, but containing
retinoic acid, which is not transferred to the egg (Dong and Zile,
1995). Eggs were collected daily and stored at 13°C until used.
Assessment of Embryonic Development
Embryonic development was assessed according to the chicken
developmental stages of Hamburger and Hamilton (1951). The
VAD quail phenotype and the criteria used for quail development
have been described (Kostetskii et al., 1998). Assessment of rescue
of the VAD phenotype at 72 h of incubation was by a comparison
of gross morphological characteristics of rescued embryos with
those of normal and VAD controls at the same developmental time.
Embryo was scored as “rescued” if it had all the characteristics of
the normal phenotype. Abnormalities resulting from handling were
different from those associated with the VAD phenotype and were
scored separately.
Incubation of Eggs, Retinoid Administration, and
Rescues
VAD quail eggs were incubated for various lengths of time at
38.5°C and 98% humidity. Windowing of eggs and in ovo injection
were by standard techniques. In rescue/induction experiments
embryos were injected with 10 ml of Tyrode’s solution containing
% of filter-sterilized Pelikan Fount India ink, 10% of VAD egg
omogenate, and 10 ng of the retinoid. This retinoid concentration
as found to be very effective in the induction of normal cardio-
ascular development in the VAD embryo with all-trans-retinoic
cid, causing no teratogenicity (Kostetskii et al., 1998). Controls
eceived vehicle without the retinoid. Injection was with a Ham-
lton syringe, placing the retinoid-containing solution beneath the
lastoderm so that the embryo was visible above the ink back-
round. Embryos were staged, the eggs were sealed, and incubation
as continued for an additional time as required for the particular
xperiment.
Retinoids
For rescue studies all-trans-retinol (vitamin A), 10 ng, was used
throughout and was administered to VAD quail embryos at various
somitic stages. Several natural retinoids were also examined for
their biological activity to induce normal cardiovascular develop-
ment in the VAD quail embryos. 4-Oxoretinoic acid and 3,4-
didehydroretinoic acid were gifts from Dr. F. Shealy (Southern
Research Institute) and Dr. A. Barua (Iowa State University);
9-cis-retinoic acid was a gift from Dr. J. Grippo (Hoffmann–
LaRoche); 3,4-didehydroretinol was a gift from Dr. B. Burri (USDA);
all-trans-retinoic acid and all-trans-retinol were purchased from
Sigma. Prior to use retinoid purity was determined by HPLC and
UV spectroscopy.
In Situ Hybridization
Normal and VAD embryos of various stages were dissected from
extraembryonal membranes, washed in cold PBS, and fixed in 4%
paraformaldehyde/PBS overnight at 4°C. After dehydration through
an ascending methanol/PBS series, the embryos were stored at
220°C until analysis. The expression of asymmetry-regulating
s of reproduction in any form reserved.
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326 Zile et al.genes Shh, cAct-RIIA, cNR-1, cSnR, Fgf8, cPitx2, Car, and Lefty-1
was analyzed by whole-mount in situ hybridization as described
previously (St. Amand et al., 1998; Kostetskii et al., 1998). Synthe-
sis of digoxigenin-tagged riboprobes was carried out with an Am-
bion RNA transcription kit following the manufacturer’s proce-
dures. Antisense riboprobes were prepared from cDNAs for chicken
cNR-1 (Levin et al., 1995), cAct-RIIA (Stern et al., 1995), Shh (Chen
et al., 1996), cSnR (Isaac et al., 1997), Pitx2 (St. Amand et al., 1998),
nd Fgf8 (Crossley et al., 1996). Chicken Car and Lefty-1 cDNAs
(Rodriguez-Esteban et al., 1999) were generously provided by Dr.
J. C. I. Belmonte. Following in situ hybridization embryos were
photographed or embedded in paraffin and sectioned at 5 mm using
tandard procedures.
RESULTS
Abnormal Heart Laterality Is a Striking
Characteristic of Vitamin A-Deficient Quail
Embryos
Embryonic development of the quail is similar to that of
chick as described by Hamburger and Hamilton (1951). The
VAD quail embryo is grossly abnormal in many develop-
mental aspects and does not survive beyond embryonic day
4. Anatomically the most pronounced abnormalities are
those of the cardiovascular system and include an enlarged
heart closed at sinus venosus, lacking an inflow tract and
hamber specification as described in our earlier publica-
ions (Dersch and Zile, 1993; Twal et al., 1995; Kostetskii et
l., 1998, 1999). Figure 1 illustrates the temporal sequence
f morphological abnormalities in the heart development of
he VAD quail embryo, using Nkx2.5 gene expression as
ardiogenic marker and Shh expression to mark notochord.
he embryonic hearts of the normal and VAD quail em-
ryos are morphologically similar before and at the
-somite stage (6 ss) (Figs. 1A and 1F). The 7 ss is the earliest
ime when morphological asymmetry to the right is evident
n the normal quail embryo as there is a distinct orientation
f the fused heart primordia to the right of the midline, the
ormal situs in Aves (Figs. 1Band 1C). VAD heart primordia
re abnormal and remain symmetrical through the 8 ss
Figs. 1G and 1H). At the 9 ss, when the normal heart begins
o bend into S shape (Figs. 1D), the dilated and morphologi-
ally grossly abnormal VAD heart shows a distinct morpho-
ogical orientation to the left of the midline (Fig. 1I), which
rogresses as the heart develops (compare normal heart in
ig. 1E and VAD heart in Fig. 1J at the 14 ss). While there is
minority of embryos with their abnormal hearts on the
ight side as shown for a 2-day VAD embryo (Figs. 1M and
N), in the majority of the VAD quail embryos the heart is
ositioned on the wrong side of the body axis (Figs. 1O and
P). This abnormality had been consistently noted in our
revious studies (Zile, 1998), but an accurate assessment of
he incidence had not been made. Here we present data
ollected over a 3-year period from our colony of Japanese
uail. VAD embryos were allowed to develop in ovo for
72 h, then the eggs were windowed and embryonic devel-
opment scored without disturbing the position of the em-
Copyright © 2000 by Academic Press. All rightryo. We examined 529 VAD quail embryos. Of these, 380
72%) had reversed cardiac situs,, while in the remaining
28% of the embryos the heart was in the normal position.
However, the general cardiac abnormalities characteristic
of the VAD phenotype, i.e., the absence of chamber speci-
fication and lack of an inflow tract, were observed in all
VAD embryos, regardless of heart sidedness, as verified in
cross sections through the embryonic hearts (Figs. 1M, 1N
and 1O, 1P).
Expression of Early Asymmetry Genes sonic
hedgehog and Activin Receptor IIa in the Vitamin
A-Deficient Quail Embryo
We examined the effect of lack of vitamin A on the
expression of several early key genes known to be involved
in the genetic pathway of cardiac left/right regulation. The
expression patterns and expression levels of activin receptor
IIa and sonic hedgehog were not altered by the absence of
retinoids in the quail embryos during the early stages of
embryonic development when these genes are asymmetri-
cally expressed in the Hensen’s node of HH stage 5 quail
embryo (not shown).
Nodal Expression Is Dysregulated but Not
Randomized in the Vitamin A-Deficient Embryo
We next considered if the expression of nodal, a gene
downstream of activin and Shh, might be regulated by
retinoid signaling. The expression of nodal in normal quail
embryo is always asymmetric with the domain in the left
lateral plate mesoderm (LPM) and is similar to that of the
chick (Levin et al., 1995). The expression domain during the
2–4ss includes the posterior region of the developing heart
and the visceral primordia and extends to an area consider-
ably caudal of the regressing node, as shown for the 3- and
4-ss embryos (Figs. 2A and 2C). The VAD embryos have a
similar expression pattern, but the nodal expression do-
main in the LPM is truncated and does not extend into the
posterior heart-forming region (HFR), as shown for the 3-ss
embryo (Fig. 2B); there is no randomization. At the 4-ss,
however, the expression pattern of nodal changes drasti-
cally in the majority (31/43 or 67%) of VAD embryos as it
expands and extends into the posterior HFR and into the
caudal area below the somites (Fig. 2D), resembling that of
the normal 3- to 4-ss embryo (Fig. 2A). In a minority of the
VAD embryos nodal expression is restricted to the caudal
region posterior to somites (Fig. 2E). Sections through the
HFR at the level just posterior to the anterior intestinal
portal confirm the presence of nodal transcripts in posterior
heart primordia of the 4-ss normal embryos (Fig. 2C) and
show the two different expression patterns of the 4-ss VAD
embryos (Figs. 2D and 2E); there is no randomization of
nodal expression in the VAD embryos. At 5-ss there is an
abrupt change in the domain of nodal expression in the
normal quail embryo, as it loses its expression in the LPM
and in the posterior HFR, with expression restricted to a
s of reproduction in any form reserved.
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327Retinoid Requirement for Heart Asymmetrysmall domain caudal to somites; this expression pattern
was observed in all (41/41) normal embryos examined (Figs.
2F and 2f). In the 5-ss VAD embryos nodal continues to be
xpressed asymmetrically on the left in two distinctly
ifferent domains, with the majority (18/25 or 72%) of the
mbryos expressing the gene in a large, extended domain in
he LPM that also includes the posterior HFR (Figs. 2H and
h), while in a minority of the embryos the expression is
imited to the left caudal area, resembling the pattern of the
ormal 5-ss embryo (compare Figs. 2G and 2g with 2F and
FIG. 1. Heart development in the VAD quail embryo. Normal (A)
C) heart primordia are oriented to the right of midline; in VAD e
ymmetric. At 9-ss the normal heart begins to form the S-shaped
idline in a majority of these embryos (I). At 12-ss the S-shape of t
AD heart has moved to the left side in most of the VAD embryo
he VAD embryo situs solitus (M) and reversed situs (O) hearts an
orphology and lack of chamber specification. All views are ve
expression (arrowheads) in notochord marks the midline. AIP, ante
PV, postcardinal vein; SC, spinal cord; VV, vitelline vein. Comparf). The caudal expression pattern of nodal in the normal r
Copyright © 2000 by Academic Press. All rightFigs. 2I and 2N) and in the VAD (Figs. 2J, 2M, and 2O)
mbryos persists at least to the 10-ss, the latest stage
xamined. Importantly, in the stage 9 normal quail embryo
here is also a small but distinct expression domain of nodal
n the left posterior heart primordia (Figs. 2I and 2i), which
s maintained until the 8-ss (Fig. 2L), while in the VAD
mbryo there is no expression in this area (Figs. 2J, 2M, and
O), nor is there randomization of nodal expression at any
ime. Importantly, administration of vitamin A (10 ng of
ll-trans-retinol) to the VAD embryo at the 4/5-ss or earlier
AD (F) heart primordia are similar at 6-ss. Normal 7-ss (B) and 8-ss
yos at 7-ss (G) and 8-ss (H) the heart primordia are abnormal and
(D), while the grossly abnormal VAD heart orients to the left of
oped normal heart is distinct (E), but the dilated, grossly abnormal
K) 2-day normal quail embryo heart and (L) its transverse section.
eir transverse sections (N, P) illustrate the grossly abnormal heart
. Nkx2.5 expression is used as cardiogenic marker in (A–J). Shh
ntestinal portal; DA, descending aorta; EC, endocardium; H, heart;
illustrations are at the same magnification.and V
mbr
loop
he lo
s (J). (
d th
ntral
rior iescues nodal expression in the posterior heart primordia at
s of reproduction in any form reserved.
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329Retinoid Requirement for Heart Asymmetry7-ss in 85% of cases (17/20), verified by sectioning (Figs. 2I,
2J, 2K and 2i, 2j, 2k). Embryos at 6-ss or older cannot be
rescued (Fig. 2P). Similarly, if retinoids are administered to
the VAD embryos at the 2/3-ss, at the subsequent stages of
development the rescued embryos exhibit a normal expres-
sion pattern of nodal (not shown). In all the above rescues
here is no ectopic expression of nodal. Rescue of the entire
AD phenotype is verified here for the 3-day embryo (Figs.
Q, 2R, 2S, and 2T). The rescued embryos develop normally
t least to day 6, the longest time point examined (not
hown). The phenotypes of VAD embryos as well as of
escued VAD embryos have been described (Kostetskii et
l., 1998, Zile, 1999). It is of interest to point out that a
lose examination of the expression of nodal in the normal
chicken embryo showed a pattern of expression generally
similar to that of the quail embryo during the neurulation
stage, except that nodal transcripts were not present in the
posterior HFR of the 7- to 8-ss chick embryo (data not
shown).
Expression of cSnR Is Decreased While Fgf8 Is Not
Altered by the Lack of Vitamin A
In the normal quail embryo the expression of cSnR begins
t HH stage 5 bilaterally in the Hansen’s node and contin-
es during HH stages 6 and 7, at which time expression
egins also in the somites. The expression in LPM is
ilateral and adjacent to the newly formed somites at the
-ss (not shown), but at the 3-ss expression of cSnR becomes
symmetric, as the signal is much stronger in the right
PM, especially just caudal to the posterior HFR (not
hown). This pattern of expression is most pronounced at
he 4–5-ss and extends in the right LPM anteroposteriorly
nd caudal to somites (Fig. 3A); the expression pattern is
aintained through the 6–11-ss, as shown for the normal
/7-ss embryo (Fig. 3C). There is no expression of cSnR in
he newly formed heart (not shown). During all stages there
FIG. 2. Nodal expression in the normal quail embryo is in an ext
the posterior heart-forming region (HFR, arrows), also verified in
expression domain is truncated (B). Two different expression patte
of the embryos having an expression pattern shown in (D) (note si
posterior heart primordia as shown in cross section (d, arrowhead);
with no expression in the HFR (E, arrow), also verified in cross secti
is only in the caudal area (F), with no expression near or in the HFR
expression restricted to caudal area and no expression in the HFR,
a minority of the VAD embryos. Note similarity to that of normal.
n the left LPM, with nodal transcripts also in the posterior HFR, v
AD embryos. (I) The transient expression of nodal in the HFR
rrowhead). The 7-ss VAD embryo has no expression in HFR (J)
xpression in the HFR (arrow) of a 7-ss VAD embryo. Normal (L, N
oint to HFR. Note that the transient nodal expression domain in th
0 (N). Control VAD embryo at 7/8-ss (P) illustrates that nodal is n
Q) Normal 3-day quail embryo, (R) VAD embryo at 3 days with he
itus, (T) 3-day VAD embryo rescued with 10 ng of retinol at 4/
xtraembryonal blood vessels. Note the normal appearance of the rescu
Copyright © 2000 by Academic Press. All rights also a weak expression of cSnR on the left side. The
xpression of cSnR in the VAD quail embryo at all stages is
imilar to that of the normal embryo, except that it is
reatly decreased but not ectopic (Figs. 3B and 3D). The
dministration of retinol to the VAD embryo at or before
he 4/5-ss results in normalization of cSnR expression
evels in the subsequent stage embryos (not shown). The
xpression of this gene in somites is bilateral and not
ffected by vitamin A deficiency.
Fibroblast growth factor 8 in the normal and VAD quail
mbryos is expressed asymmetrically on the right side of
he node (Figs. 3E and 3F), as described for chick (Boettger et
l., 1999). At all stages examined (HH stages 6–8) we also
bserved a distinct bilateral expression of this gene in the
ardiogenic region, not reported earlier, as shown for the
-ss embryos (Figs. 3E and 3F). The level and domains of
gf8 expression are not affected by the lack of retinoids.
Pitx2 Expression Is Diminished but Not
Randomized in Vitamin A-Deficient Quail Embryos
Normal and VAD embryos from the head-fold stage
(before somite formation) to 8-ss (straight heart tube stage)
were examined for Pitx2 expression by whole-mount in situ
hybridization. At the head-fold stage, Pitx2 transcripts were
detected in the head mesenchyme of both normal and VAD
embryos (data not shown). Through the 2–7-ss Pitx2 is
trongly expressed in the left LPM of normal embryos, as
hown for the 3- and 7-ss embryos (Figs. 4a and 4c); this
xpression pattern is also seen in the majority (87% or
2/48) of the VAD embryos (Figs. 4b and 4d). At the 8-ss
hen the developing heart tube is just beginning to orient
o the right, a significant loss of Pitx2 expression is seen in
he straight heart tube and in the left side posterior HFR in
00% (9/9) of the VAD embryos analyzed compared to
ontrols (Figs. 4e and 4f). Sectioning through these embryos
eveals that Pitx2 expression does not extend to the midline
domain in the left LPM at the 3-ss (A) and 4-ss (C), reaching into
ss section (c, arrowhead). In the VAD embryo at 3-ss the nodal
f nodal are seen in the 4-ss VAD quail embryo, with the majority
ity to normal in A and C), with nodal transcripts localized in the
inority of VAD embryos express the gene in a limited caudal area,
, arrowhead). At the 5-ss, expression of nodal in the normal embryo
rified in cross section (f, arrowhead). (G) VAD embryo at 5-ss with
ed in cross section (g, arrowhead), representing the pattern seen in
AD embryo at 5-ss with an extended expression of nodal domain
d by cross section (h, arrowhead), representing the majority of the
ow) of normal quail embryo at 7-ss, verified in cross section (i,
fied in cross section (j, arrowhead). (K) Rescued transient nodal
VAD (M, O) quail embryos at 8-ss (L, M) and 10-ss (N, O); arrows
terior HFR of the normal quail embryo is no longer present at stage
scued when retinol is provided at 6-ss. All above views are ventral.
normal position, (S) VAD embryo at 3 days with reversed cardiac
Arrows point to heart; arrowheads point to normally developedended
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oFIG. 3. Expression of cSnR and Fgf8. The asymmetric expression of cSnR in the right LPM (arrowheads) at 3- and 6-ss is shown for normal
A, C) and VAD (B, D) quail embryos; note the reduced expression in VAD embryos. (E) Expression of Fgf8 at 4-ss in normal and in (F) VAD
uail embryos. Large arrows point to asymmetric expression in the node. Small arrows point to symmetric expression in the cardiogenic
rea. All views are ventral.
IG. 4. Pitx2 expression in the normal quail embryo at 3-ss (a) is in the left LPM (arrow), and at 7-ss (c) the expression domain extends
nto the left heart tube (arrow). VAD embryo at 3-ss with Pitx2 expression in the left LPM (b, arrow) and at 7-ss with expression extending
nto the left heart tube (d, arrow). (e) Normal 8-ss embryo showing Pitx2 expression in the straight heart tube and left side posterior HFR
arrow). (f) VAD 8-ss embryo showing decreased Pitx2 expression in the left side posterior HFR (arrow). (g) Section through 8-ss normal
mbryo showing Pitx2 expression in the left half of the fused heart tube extending to the midline where the two heart tubes fuse. (h) Section
hrough 8-ss VAD embryo revealing the reduced expression of Pitx2; arrows point to the region where expression stops at the midline. (i)
VAD embryo at 8-ss rescued at 3-ss; arrow points to Pitx2 expression in the left side posterior HFR. (k) Cross section of the rescued
mbryo; arrow points to the boundary of Pitx2 expression. (j) VAD embryo at 8-ss in which Pitx2 expression in the left heart tube (arrow)
as not rescued at 6-ss. (l) Section from nonrescued embryo; arrow points to the boundary of Pitx2 expression. Rescues were with 10 ng
f all-trans-retinol. All views are ventral.
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331Retinoid Requirement for Heart Asymmetryof the fused tube, whereas in normal embryos expression is
detected throughout the left side epimyocardium of the
fused heart tube (Figs. 4g and 4h). Administration of retinol
to the VAD embryo before 6-ss rescues Pitx2 expression in
he left heart tube at 8-ss (Figs. 4i and 4k); there is no rescue
f retinol is administered at 6-ss or later, as verified by
ectioning (Figs. 4j and 4l).
Expression of Caronte and Lefty-1 Genes in the
Vitamin A-Deficient Quail Embryo
We examined the effect of absence of vitamin A in the
embryo on the expression of the recently characterized
FIG. 5. Whole-mount in situ hybridization with Car and Lefty-1
normal (N) quail embryos (ventral views). (A and B) Car is detecte
-somite stage 7 (arrows). At the 4-ss (stage 8) the expression domai
his expression pattern is seen already at 3-ss (not shown). (E and F
arrows); expression at stage 9 is further attenuated (not shown). No
AD embryos at all stages. (G and H) Lefty-1 expression in quail em
eft side of the prechordal mesoderm (arrow). (I and J) The expressio
xpression domain is seen in the left posterior area (small arrows). (K
istributed throughout the notochord (large arrows); the express
ownregulated (small arrows); a similar expression pattern is seen a
ormal and VAD quail embryos at any stage.genes Car and Lefty-1 that are linked to key L/R regulatory
Copyright © 2000 by Academic Press. All rightunctions in the genetic pathway of cardiac asymmetry
etermination. The expression of Car in the quail is similar
o that of the chick (Rodriguez-Esteban et al., 1999; Yokou-
hi et al., 1999), with an early expression in the left
para-axial mesoderm and the adjacent left lateral plate
mesoderm (Figs. 5A and 5B) and with an expanded expres-
sion anteriorly and posteriorly at stage 8 (Figs. 5C, 5D and
5E, 5F). The expression pattern and the level of expression
of Car are not altered by the lack of retinoids in the quail
embryos during early embryogenesis.
The expression of Lefty-1 in the quail is similar to that of
the chick (Rodriguez-Esteban et al., 1999) with an expres-
sion on the left side of the node and in left para-axial
s showing their expression in stage 7 through stage 9 in VAD and
he quail para-axial mesoderm and in the adjacent left LPM at the
ar has expanded both anteriorly and posteriorly (C and D, arrows);
expression during stage 8 at 5 somites begins to be downregulated
e absence of any difference in Car expression between normal and
at stage 7 (1-ss) is detected on the left side of the node and on the
Lefty-1 at 4 ss has expanded anteriorly (large arrows) and a second
L) During stage 8 at 5 somites Lefty-1 appears to be symmetrically
f Lefty-1 in the asymmetric left posterior domain begins to be
s (not shown). There is no difference in Lefty-1 expression betweenprobe
d in t
n of C
) Car
te th
bryo
n of
and
ion o
t 6-smesoderm at stage 7 (Figs. 5G and 5H). As in the chick, a
s of reproduction in any form reserved.
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332 Zile et al.second expression domain appears in the left posterior area
at stage 8, while the expression in prechordal mesoderm
expands anteriorly (Figs. 5I and 5J). At the 5-somite stage 8,
Lefty-1 transcripts appear to be symmetrically distributed
throughout the notochord while the expression in the left
posterior area of the embryo begins to be downregulated
(Figs. 5K and 5L). The expression patterns and levels of
Lefty-1 transcripts are not altered by the lack of retinoids in
the quail embryo at any of the stages examined.
Rescue of Randomized Cardiac Situs with
Different Retinoids
Earlier we demonstrated that the VAD quail embryos
develop normally if vitamin A-active compounds are ad-
ministered to the embryos by the 6-ss of development
(Kostetskii et al., 1998). However, we have observed cases
of “incomplete situs rescue” in which the rescued embryo
has all the characteristics of the normal phenotype, except
that the heart is in situs inversus position. Here we asked if
one of the physiologically occurring retinoids (Dong and
Zile, 1995) might be uniquely involved in the regulation of
heart sidedness. VAD quail embryos were rescued at vari-
ous stages of development with 10 ng of all-trans-retinol or
all-trans-retinoic acid, 3,4-didehydroretinol, 3,4-didehydro-
retinoic acid, 9-cis-retinoic acid, or 4-oxoretinoic acid and
examined specifically for cardiac situs (Table 1). In general,
the rescue efficacy of cardiac situs inversus by the different
retinoids reflects that of these retinoids for the entire VAD
phenotype which has been described earlier (Kostetskii et
TABLE 1
Biological Activity of Natural Retinoids in the Rescue
of Heart Laterality
Treatment of VAD embryosa nb
% of embryos with
Situs
solitus
Situs
inversus
Normal controls (no treatment) 50 100 0
All-trans-retinol 102 79 21
All-trans-didehydroretinol 88 80 20
All-trans-retinoic acid 68 100 0
All-trans-didehydroretinoic acid 72 80 20
9-cis-Retinoic acid 41 93 7
4-Oxoretinoic acid 43 68 32
a Vitamin A-deficient (VAD) embryos at two- to three-somite
tage of development were treated with 10 ng of retinoid and
llowed to develop to 72 h.
b Total number of rescued embryos including those with cardiac
itus inversus. Values have been corrected for the cases of situs
nversus associated with manipulation (12%).l., 1998). n
Copyright © 2000 by Academic Press. All rightDISCUSSION
The issue of left/right specification is of fundamental
importance in developmental biology. Remarkable ad-
vances have been made recently in the elucidation of the
regulatory genes and their spatiotemporal sequence along
the vertebrate cardiac asymmetry pathway. In the present
work we describe a crucial participant in this pathway, the
nutrient vitamin A and its active forms, the endogenous
retinoids, and assign a retinoid-sensitive developmental
window for the regulation of cardiac asymmetry. Our
earlier work with the VAD quail embryo, a retinoid ligand
knockout model, demonstrated the essentiality of retinoids
for avian development. Importantly, we have identified a
narrow window during neurulation when there is an abso-
lute requirement for retinoids (Dersch and Zile, 1993;
Kostetskii et al., 1998): if retinoids are not available to the
mbryo by this critical stage in development, an array of
ubsequent developmental events becomes dysregulated,
esulting in gross abnormalities and death of the embryo by
ay 4. A striking characteristic of these embryos is the high
ncidence of reversed heart situs. In the present work, we
rmly establish that without the participation of retinoids
n cardiogenesis during the final steps of vertebrate L/R
eart specification pathway, normal heart asymmetry and
ooping morphogenesis do not occur.
In an attempt to understand the regulatory role of retin-
ids in the in vivo cardiac asymmetry specification, we
ave now characterized the VAD phenotype by molecular
nalysis of key genes along this pathway. It is important to
ecall that we have convincingly demonstrated in our
revious work the existence of a narrow retinoid-requiring
evelopmental time window at the 4/5-somite stage of
eurulation (Kostetskii et al., 1998) and have also shown
hat the expression of Shh is not altered by the absence of
etinoids (Chen et al., 1996). Not surprisingly, our present
ork demonstrates that the expression of the early asym-
etry genes Shh, ActRIIa, Fgf8, Car, and Lefty-1 is not
affected by the lack or retinoids, since the 4/5-somite
developmental window at stage 8 for the retinoid-specific
regulation (Kostetskii et al., 1998) is downstream of the
ites of the proposed action of these genes in the cardiac
symmetry pathway. It was thus logical to examine more
losely the effect of vitamin A deficiency on the expression
f nodal, cSnR, and Pitx2, genes expressed in the late phase
f the cardiac asymmetry pathway which overlaps with the
etinoid-requiring stage of development. While at first it
eemed that the high incidence of situs inversus in the VAD
mbryos might be explained by an effect on the specific
idedness of the asymmetry genes, a careful examination of
he data presented here suggests that in vivo endogenous
evels of retinoids, while affecting cardiac asymmetry, do
ot alter the left/right-specific sidedness assignments of the
enes on the cardiac asymmetry pathway. This is supported
y the observation that in VAD embryos randomization of
he expression of the known asymmetry-specific genes does
ot occur. These genes remain expressed on their appropri-
s of reproduction in any form reserved.
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333Retinoid Requirement for Heart Asymmetryate sides except that their levels of expression in the LPM
are severely decreased in the absence of retinoids. Further-
more, in the VAD quail embryos the downregulation of
nodal at any time point is not accompanied by an upregu-
lation of cSnR on the left, nor does the downregulation of
cSnR result in an expression of Pitx2 on the right. These
bservations suggest that the presence of retinoids is re-
uired for the cardiac mesoderm to respond to laterality
ignals.
Thus, the cardiac randomization that is observed in VAD
uail embryos may be due to a failure to maintain effective
xpression levels of both left and right cardiac asymmetry
enes, causing the cardiac fields to become symmetric and
llowing the heart to loop to either side. The scenario is
imilar to that reported for the treatment of chick embryo
ith a mild antisense cSnR which did not alter the left
onfinement of Pitx2 expression, but nevertheless resulted
n destabilization of heart looping (Patel et al., 1999).
imilarly, heart randomization was observed by blocking
etinoid action in cultured mouse embryos (Chazaud et
l.,1999) and in chick embryos (Tsukui et al.,1999). This
echanism of randomization has been discussed by Hoyle
t al. (1992) and is also suggested by the iv mouse studies
Layton et al., 1993) and by the random looping of the hearts
n the mouse mutant Ft which has a bilateral expression of
odal and lefty (Heymer et al., 1997).
Additional insights into the role of retinoids in altering
ardiac sidedness comes from an examination of the ran-
omized VAD embryonic hearts. Although there does not
ppear to be a consensus in the literature on the meaning of
he term “situs inversus,” the use of this term in describing
he embryonic VAD quail hearts is not appropriate since
he left-sided heart of these embryos is not a mirror image
f the normal, S-shaped heart, but is of an abnormal
orphology, nor are all of the abnormal hearts on the wrong
ide. The anomaly of the heart position in the VAD quail
mbryos may be more aptly characterized as a failure to
evelop normal asymmetry. It is more consistent with the
dea that without vitamin A the embryo fails to build a
oopable heart. We have shown earlier that the expression
f the cardiogenic transcription factor GATA-4 is severely
iminished in the posterior HFR of VAD quail embryos and
hat these embryos are unable to form the inflow tract and
ardiac chambers (Kostetskii et al., 1999; Ghatpande et al.,
000), consistent with earlier observations that the poste-
ior HFR is severely affected by retinoid deficiency (Heine
t al., 1985; Kostetskii et al., 1996, 1998). Support for this
dea comes also from the observation that the inability of
he mouse embryo to generate sufficient levels of retinoic
cid during early cardiogenesis results in the formation of
n abnormal heart (Niederreither et al., 1999), similar to
hat of the VAD quail embryo. Thus, the primary role of
etinoids might be in regulating the development of the
osterior heart tube so that it has the functional and
orphological capability to respond to localized signals for
roper looping according to the global L/R asymmetry
rogram set up earlier. It is possible that in the VAD quail
Copyright © 2000 by Academic Press. All rightmbryo gene function in LPM during the neurulation stage
f development is generally compromised. This might ac-
ount for the aberrant pattern of nodal expression in the
hree- to five-somite VAD embryos, which suggests a tem-
oral delay in the expression of the normal pattern, but
evertheless allows for the complete rescue at the five-
omite stage. A general role for retinoids in the building of
functional posterior heart tube is also supported by our
nding that the biological activity of physiologically active
etinoids in the rescue of cardiac situs was nonspecific but
he same as for the rescue of the entire VAD phenotype
Kostetskii et al., 1998). A general role for retinoids in
ardiac asymmetry regulation is also supported by the lack
f evidence for an asymmetric distribution of retinoic acid
nd its metabolic enzymes (Maden et al., 1998b; Moss et al.,
998; Swindell et al., 1999; Tsukui et al., 1999; Berggren et
l., 1999) as well as by a lack of evidence for an asymmetric
xpression of the retinoid receptors in early avian embryo
Kostetskii et al.,1996, 1998).
Numerous in vivo and in culture studies have implied a
pecific role of retinoids in the regulation of cardiac asym-
etry. Cardiac randomization, duplicate hearts, situs inver-
us, and ectopic expression of asymmetry genes are rou-
inely observed when normal embryos are treated with
xogenous retinoic acid (Osmond et al., 1991; Chen and
Solursh, 1992; Niederreither et al., 1999; Chazaud et al.,
1999; Schneider et al., 1999; Tsukui et al., 1999; Wasiak and
Lohnes, 1999; see also reviews by Zile, 1998, 1999; Kubalak
and Sucov, 1999). It is very important, however, to recog-
nize that exogenous, nonphysiological levels of retinoids
generate an array of developmental abnormalities that may
or may not be linked to the physiological function of
vitamin A. In order to elucidate the molecular mechanisms
of vitamin A action in normal physiological events, the
observations of nonphysiological studies, whenever pos-
sible, must be complemented and confirmed by those in
which gene expression and morphological changes are ex-
amined in an in vivo system under near-physiological
conditions, such as the in ovo model system described in
our present work.
We provide evidence here for a critical retinoid-sensitive
window at the 4/5-ss for the regulation of cardiac asymme-
try. In recent studies with mouse embryos in culture,
however, it was suggested that retinoids exert cardiac
left/right-specific regulation at the head-fold stage of devel-
opment (Chazaud et al., 1999). This conclusion was reached
by the manipulation of mouse embryos in culture with a
synthetic retinoid receptor panantagonist as well as with
exogenous retinoic acid. There is a possibility that the
discrepancy in the results is due to species differences,
although the developmental programs for early embryogen-
esis are generally regarded as comparable between the chick
and the mouse, including the temporal events for cardiac
asymmetry specification. However, recent studies on the
regulation of the vertebrate L/R cardiac asymmetry path-
way by Shh, which is expressed asymmetrically in the node
in the chick but not in the mouse during presomite stages 4
s of reproduction in any form reserved.
334 Zile et al.and 5, suggest that there may be differences in the asym-
metry pathways between the chick and the mouse (Tsukui
et al., 1999; Rodriguez-Esteban et al., 1999). Indeed, unlike
in the chick in which Shh is a left determinant, in the
mouse it plays a role in preventing left determinants from
being expressed on the right (Meyers and Martin, 1999). It is
also conceivable that the differences in the results are due
to the different experimental conditions employed in these
studies. The VAD quail embryo used in our studies has not
been exposed to retinoids during embryonic development.
Developmental adaptation may have taken place and other
developmental mechanisms may have been recruited to
cover certain noncritical functions performed by the retin-
oids during gastrulation so that these embryos initially
develop relatively normally. This compensation, however,
does not substitute for the retinoid-requiring specific devel-
opmental events that take place at the four- to five-somite
stage of development, the critical retinoid-requiring win-
dow for cardiac asymmetry proposed by us. In contrast, the
normal mouse embryo studied by Chazaud et al. (1999) has
developed in utero in the presence of a normal complement
of retinoids; it is then exposed to culture conditions that
might affect the overall physiological status of the embryo;
additionally, this embryo is next subjected to a treatment of
a synthetic retinoid receptor antagonist with unknown side
effects, blocking retinoid action at a single, specific devel-
opmental time point. Our work presented here unequivo-
cally demonstrates that while it is possible to rescue cardiac
asymmetry in the VAD quail embryo at any stage prior to
the six-somite stage, the gastrulation stage is not the
critical time for retinoid involvement in cardiac asymmetry
specification. This notion receives strong support from the
recent work of Tsukui et al. (1999), which also shows that
retinoic acid acts downstream of Shh. It is also well known
that heart situs is very liable to perturbations (Cooke, 1995).
When cultured in serum-free medium, 50% of rat presomite
embryos develop situs inversus (Flynn et al., 1993). Ma-
nipulation of the presomite rat embryo in culture with
a-adrenergic agonists (McCarthy et al., 1990; Fujinaga and
Baden, 1991) and antagonists (Flynn et al., 1993) results in a
high incidence of situs inversus. With other situs-
disrupting agents the window of sensitivity was during the
primitive streak stage (Brown et al., 1991). Thus, the
retinoid-sensitive time window observed at the gastrulation
stage of the mouse embryo in culture must be ascribed to
the specific experimental model. The physiological charac-
teristics and vitamin A homeostasis of the mouse embryo
in culture at the node formation stage or at any other stage
(Chazaud et al., 1999) cannot be compared to those of the in
ovo developing quail embryo used in our studies. It is
paramount to studies on asymmetry that near in vivo
conditions be maintained. The nutritionally retinoid-
depleted quail embryo is clearly physiologically functional
in all developmental aspects until the time when retinoids
are absolutely essential, which we have unequivocally
established to be during the four- to five-somite stage of
development. The complete rescue of the VAD phenotype,
Copyright © 2000 by Academic Press. All rightincluding cardiac asymmetry aspects, by the administration
of physiologically occurring retinoids during this critical
stage of retinoid requirement is convincing validation of the
physiological significance of our observations reported here.
Importantly, this restoration of normal development is
never associated with ectopic expression of genes or mor-
phological abnormalities. The verification of the window of
sensitivity to retinoids in the regulation of cardiac asym-
metry in the early mammalian embryo awaits an in vivo
model system, akin to that of the retinaldehyde dehydroge-
nase knockout (Niederreither et al., 1999), but in which all
pathways of retinoic acid biogeneration are accounted for.
The role of retinoic acid in the cardiac asymmetry signal-
ing pathway of the avian embryo has also been addressed in
the recent publication by Tsukui et al. (1999), who have
identified chick Lefty-1 and assigned it to a site in the
asymmetry pathway immediately downstream of or paral-
lel to Shh. In general, these results confirm our present and
earlier observations that Shh is not regulated by retinoic
acid; however, our evidence for the retinoid-sensitive win-
dow at the four- to five-somite stage does not support a role
for retinoic acid in the regulation of Lefty-1, shown to be
expressed much earlier. It is also not likely that Car,
another recently identified asymmetry gene downstream of
Shh but upstream of nodal (Rodriguez-Esteban et al., 1999;
Yokouchi et al., 1999; Zhu et al., 1999), is regulated by
retinoic acid in vivo since Car is thought to be regulated by
Fgf 8, but Fgf8, as shown in our present work, is not affected
by retinoid status. In our studies presented here we conclu-
sively demonstrate that neither the expression patterns nor
the transcript levels of Car and Lefty-1 are affected by the
absence of retinoids in the quail embryo. Our work with the
physiologically relevant avian in ovo model provides strong
evidence that Car and Lefty-1 are not regulated by retinoids
in the Aves.
In another recent study the mechanism of retinoid in-
volvement in the regulation of cardiac L/R asymmetry was
examined in mouse embryos from mothers receiving tera-
togenic amounts of retinoic acid (Wasiak and Lohnes, 1999).
A bilateral expression of lefty-1, lefty-2, nodal, and Pitx2
was observed in these embryos. The researchers suggest
that retinoic acid acts by either posteriorizing the expres-
sion of the L/R genes or altering the posterior midline
barrier function and that their observations reflect both the
normal and the teratogenic process. While we do not agree
that the ectopic expression of the L/R cardiac asymmetry
genes reflects the physiological function of retinoic acid,
their placement of the retinoid-sensitive window just up-
stream of nodal is in agreement with our previously pub-
lished (Kostetskii et al., 1998) and present data.
An examination of nodal expression in the normal quail
embryo during the critical five-somite retinoid-requiring
developmental window revealed a marked shift of its ex-
pression domain from the LPM to the caudal region of the
embryo, a pattern that is maintained during the subsequent
developmental stages. Since cSnR and Pitx2 expression
domains are not changed at this time, it is likely that
s of reproduction in any form reserved.
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335Retinoid Requirement for Heart Asymmetryanother signaling pathway is involved. The transient but
distinct expression of nodal in the left posterior HFR of the
normal six- to eight-somite quail embryo was not observed
in the chick (unpublished observations), but was of interest
because of its absence in the VAD quail embryo and the
ability to rescue it by the administration of retinoids at the
critical four- to five-somite window. It is not clear if this
retinoid-dependent transient expression of nodal is linked
o cardiac L/R specification via Pitx2, which was also
ownregulated in the left posterior HFR of the VAD quail
mbryo and, similarly, could be rescued by retinol, thus
mplying a specific asymmetry-regulatory role. However, it
s more likely that the lack of expression of these genes in
he left posterior HFR reflects the requirement for retinoids
n the formation of the posterior heart tube and the inflow
ract (Kostetskii et al., 1999), suggested sites of origin of
ooping specification (Logan et al., 1998; Patel et al., 1999).
The posterior HFR is also the site where the expression of
Raldh2, a retinoic acid-synthesizing enzyme, is missing in
the VAD quail embryo (unpublished observations). That
this developmental region might be retinoid regulated is
also suggested by our earlier observation that the foregut is
missing in the VAD quail embryo (Kostetskii et al., 1999)
and that a retinoid-regulated transcriptional program medi-
ated by GATA factors is critical for normal heart tube
morphogenesis (Ghatpande et al., 2000), supporting a gen-
eral but essential role of retinoids in the regulation of
important early developmental events during the proposed
five-somite developmental window.
Recently, it was demonstrated that retinoid presence in
the four- to five-somite stage quail embryo is required for
the specification of hindbrain (Gale et al., 1999) and for the
normal development of somites (Maden et al., 2000). Taken
together, all observations with the vitamin A-deficient
quail embryo model lead us to hypothesize that retinoic
acid is a key signaling molecule required in a narrow time
window simultaneously for multiple developmental events
to maintain and complete their normal developmental
programs. The retinoid-regulated factor(s) common to these
various simultaneously ongoing events remains to be iden-
tified.
In summary, using a physiologically valid in ovo avian
embryo model and a detailed time course analysis of known
asymmetry genes we have made several important observa-
tions based on the current knowledge of the cardiac asym-
metry pathway:
(1) There is an absolute requirement of retinoids for
avian heart development and the establishing of cardiac L/R
asymmetry during a narrow developmental window at the
four- to five-somite stage of neurulation but not later; prior
to this time the presence of retinoids is not essential. This
retinoid-sensitive developmental window is not limited to
cardiac asymmetry but is critical also for other important
developmental events and for the survival of the embryo.
(2) Retinoids do not alter the left/right-specific programs
for the normal side-specific expression of the cardiac asym-
Copyright © 2000 by Academic Press. All rightmetry genes nodal, cSnR, and Pitx2, but are required at the
neurulation stage to provide the proper developmental
environment for the expression of sufficient levels of these
genes during their subsequent physiological asymmetry-
regulating functions. The concept of a general role of
retinoids in cardiac asymmetry regulation is supported by
solid literature evidence that the generation and distribu-
tion of retinoic acid in the embryo as well as the expression
patterns of retinoid receptors are symmetric.
(3) Retinoids are required for the timely development of
the cardiogenic phenotype in the lateral plate mesoderm
leading to the normal morphology and cellular function of
the heart, prerequisites for proper completion of the cardiac
asymmetry pathway.
In conclusion, most importantly, we propose that cardiac
asymmetry regulation in the retinoid-sensitive window is
but one of several critical events closely linked within an
embryonic spatiotemporal program in a developmental
module that is regulated by retinoids through a common
yet unidentified signaling pathway. The quail embryo reti-
noid ligand knockout offers an ideal model system to
address this intriguing concept as well as to clarify the role
of retinoids in cardiac asymmetry.
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